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SUMMARY

An investigation, in alr, of the friction and surface damage of
several materials that ere resistant to corrosion by liquid metals was
made. The values of kinetlic frictlon coeffielent et low sliding veloc-
ities and photomlicrographs of surface damage were obtained. Appreciable
surface damage was evident for all materials tested except tungsten
carbide. The friction coefficlents for the combinations of steel, stain-
less steel, and monel sliding against steel, stainless steel, nickel,
Inconel, and Nichrome ranged from 0.55 for the monel-Inconel combination
to 0.97 for the stainless-gteel - nlckel combination; for steel, stain-
less steel, monel and tungsten carbide asgainst zirconium the friction
coefficients were gpproximately 0.47. Lower coefficlents of friction
(0.20 to 0.60) and negligible surface failure at light loads were cbtained
with tungsten carbide when used in combination with various plate materials.

INTRODUCTION

Liquid metals have potentisl aspplication as heat-transfer fluids
in power plants (reference 1). The extreme corroslve nature of most
liquid metals at eleveted temperatures inbtroduces many critical design
problems. QOne important problem is cbtalning satisfactory materials
for s8liding surfaces of parts, such as the bearings for pumps. Most
common bearing materials are rapidly corroded by liquid metals and the
materials that are known to be corrosion resistant have unknown friction
properties. Information on the frietional behavior in air and in ligquid
metals of combinations of otherwise useful materials is needed in the
solution of current design problems.

Accordingly, & series of investigabions were conducted at the NACA
Lewis laborstory in order to study the frictional behavior in sir of
corrosion-resistant high-tempersture materials. The investigations were
conducted at room tempersture under static and extremely slow-speed
sliding-friction conditions using a range of loads with maximum loading
sufficient in most cases to cause apprecilable plastic deformatlion of the
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surfaces. The materials investigated ineclude combinations of stainless
steel, monel, nickel, Inconel, Nichrome, zirconium, tungsten carbide, and
carbon steel.

APPARATUS AND. FROCEDURE
Apparatus

The friction experiments were performed wlth the apparatus described
in reference 2. This apparatus is shown in figure 1. The principal
parts of the apparatus were the rider assembly (shown at the right in
fig. 2), which held the ball specimens, and the plate (shown at the left

in fig. 2), which the balls contacted. Three ball specimens were securely

clasmped in positions in the rider holder, which carresponded to. the
vertices of an equilateral triangle, and a dead welght load wes applied
at the center of the triangle normal to its plane. The load was assumed
supported equally by the three balls. The specimen plate was clamped to
the base of the apparatus and the load spplled to the rider (fig. 3).
Motion between the plate and rider was produced by applying a force
through a dynamometer ring on which force-indicating strain gages were
mounted (reference 3). The dynamometer ring was connected to the rider
essembly by fine music wire. The frictlonal force was continuocusly
recorded on a photoelectric recording potentiometer. A l-rpm motor
rotating a fine pitch (64 threads/in.) screw resulted in a constant dis-
Placement rate of 0.0156 inch per minute.

In order to wminimize the effects of vibration, the chamber which
contained the appsratus was mounted on a base plate (fig. 1). The table
which held the base plate was suspended using commercial flexible
mountings.

The apparatus was contained within a chamber having provisions for
maintaining an atmosphere of clean dry air. The source of the alr, a
-70° F refrigerated alr line, insured dryness. The temperature of the
sir was raised to that of the room before clrculating through the
apparatus. The alr was fliltered through glass wool contained in the
tube that was mounted on top of the chamber as shown in figure 1.
Relative humidity in the chamber during the friction experiments was
maintained at a value of less than 10 percent.

Specimen Preparation

Al plate specimens were cleaned according to the following
procedure:

(1) Ground to a surface finish of 10 to 15 rms

(2) Abraded lightly under acetone with 4/0 emery cloth
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(3) Scrubbed with levigated alumina and water
(4) Washed with water to remove adhering alumins
(5) Rinsed with triple distilled water’

(6) Rinsed with 90 percent alcohol

(7) Flushed with consecutive rinses of freshly distilled acetone
and vapor in Soxhlet extractor

(8) Dried in the chamber containing the friction apparatus

The ball specimens used were cleaned by the same procedure as the
plates except that steps (1) and (2) were omitted. With this procedure
the surfaces were found by electron diffraction to be grease free.

Specimen Materials

The materials used in this investigatlion were chosen because of
corrosion-resistant properties. The plate and ball materials used are
shown in table I. The chemical composition and herdness of each
materiel are also listed in table I.

Method of Obtainling Data

According to Amonton's law, the coefficlent of friction of dry
metals should be independent of load. For this reason, friction
measurements were made for each combination of metals with a range of
loads (totel load on three balls) from 300 to 4200 grams to determine
an average value for the coefficient of friction. (Unless otherwise
specified, subsequent references to load will refer to total load on
three balls.) The frictional force was measured initislly for & load
of 300 grems; without removing the slider from the plate, additional
weights were added to the slider and the frictional force corresponding
to this greater load was measured. The load was then reduced to
300 grams and the frlctional force remeasured. The procedure was
continued untlil the highest load run had been made. The rider and the
plate were kept in contact during the entire test in order to avoid
misalinement and contemination from the gir. Higher load runs and
300-gram load runs were alternated; the 300-gram load runs gave
reproducible results, indicating that the surface damage resulting from
one locad run did not affect the results of the succeeding ones. For a
few material combinations, two values of frictional force were obtained:
(1) the force to initiate sliding and (2) the first steady value of
kinetic frictional force.
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If the ball and plate were allowed to experience reletive motlon
for a long period of time, the frictional force would incresse consider-
ably because of the accumulation of wear debris in front of the slider.
This effect was also observed by Bowden and Tabor (reference 4, p. 92)
with other materials. This sccumilation of debris would result in an
‘increase in friction coefficient of epproximately 0.25; by chooslng the
first stable value of frictlonal force, however, these data were found

to be reproducible to within +0.05. Durlng the alternate light-load

(300 grams) runs the ball specimens passed over the debris accumulation
from the preceding run; this also happened intermittently throughout the
runs with heavier loads. As a result, wear debris asccumulates only to

a limited extent before being passed over by the rider; consegquently, the
effect on friction throughout one experiment was limited and not
cumulative. - : : o : T
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RESULTS AND DISCUSSION

The frictlon coefficients obtained for the various combinations of

meterials are shown in table II. Each coefficlent of friction listed is

an average value of the coefficients obtalned at different loads. These r
values are therefore the coefficient of kinetic friction at a sliding

veloclity of 0.0156 inch per minute in the load range from 300 to

4200 grams (100 to 1400 g/ball). The types of surface damege for many -
of the metal combinations are simllsr. These different types of surface
damage, as noted in table II, are discussed in the Surface Damage section.
Although ccefficients of friction vary considerably with different metal
combinations, it would be very difficult to isclate any particular vari-

able and consider its role in determining the coefficient of friction.

Bowden and Tabor (reference 4,.p. 78) have shown that some general conclusions
-may be drawn in the case of dry friction by considering the relative physical
propertles of the two sliding surfaces. The total frictlional force is

made up of two separate factors: the force to shear the welds which occur.
when two clean metals are placed in contact and the force to plow one.

surface through the other. If it 1s possible to decrease elther of these
factors or both, the frictional force and the coefficient of friction will
likewise be.decreased. These two factors may be reduced in several ways.
With a hard-siider soéfter-plate combination, the hard slider will

penetrate the soft plate and cause appreciable plowling; an increase in

the hardness of plate wlll reduce the plowing and therefore reduce the
coefficient of friction. This effect is generally observed in table II

where harder materials are listed on the right-hand sidej; for example,

SAE 1095 steel against bonded tungsten carbide (hardness Rockwell C-85)

gave a friction coefficient of 0.34 while for the. combination of — e
SAE 1095 steel and nickel (hardness Rockwell B-62) the friction v
coefficlent is 0.85. "As discussed in reference 4, another way in

which the friction coefficient may be decreased 1s to decrease the -
number of welds which occur between the slider and plate. Slmilar
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materials, for example, stainless steel sgainst stalnless steel or a
pure metal slidlng agelinst a pure metal, will show considerable welding.
Welding is characterlsic of materials that are mutually scluble. In
these experiments the amount of welding that takes place for various
combinations usually cannot be estimated. If, however, a £ilm of some
contaminant is placed between the mating surfaces, weldlng can largely
be eliminated. This contaminant may be elither oxide, grease film
(characteristic of uncleaned surfaces), or a lubricant. The variations
In friction coefficients 1n the cases of steel against steel and other
materiasl combinations are therefore the result of one or a combinatlon
of any of these three considerations: (1) relative hardness, (2) amount
of welding, or (3) presence of contaminating films and their breakdown.

Steel Against Steel

A plot of coefficient of friction sgainst load for hardened steel
balls sliding on a steel plate is shown in flgure 4. These four tesis
established the average coefficlient of frictlon of 0.79 for steel on
steel over the Yoad range from 900 to 4200 grems. Similer values have
been obtained by other investigators, for example, a static friction
coefficient for steel on steel of 0.78 is presented in reference 5. The
plate specimens in the four tests of figure 4 had lapped surfaces (4 to
8 rms); tests were therefore conducted using a steel plate, the surface
of which had been ground to duplicate the surface roughness (12 to
15 rms) of the other materials. The friction coefficient for the ground
surface is shown in figure 5. The coefficients of friction for the
ground surface fall within the experimental limits of the data of fig-
ure 4. This is in agreement with the statement by Bowden and Tabor (refer-
ence 4, p. 175) that "over a wide range of surface finish, the friction of
metals 1is nearly independent of the degree. of surface roughness.”

The lower wvalues of the coefficient of friction at light loads
were not true load effects but rather, were functions of the slider
surfaces. When & conbtinuocus run was made with alternate loadings of
300 and 1557 grams, the initial friction cocefflcient was approximately
0.65, and after continued sliding the friction coefficient increased
to approximately 0.79. This increase in friction coefficient may be
the result of the breakdown of surface lsyers of elther oxldes, cold
worked metal, or other contaminating films of the sllder specimens,
allowlng surface welding to occur, the duration of the 1557-gram-losad
runs was so short that there was insufficient time for an sccumulation
of debris in front of the slider.

The accumulation of debris (primarily plastically displaced metal)
in front of the slider is very pronounced for the heavier loads if slid-
ing is allowed to continue for a long period of time. During the time
the debris 1s accumulating, the friction will lncrease and the
coefficient of friction will approach 1. If the resistance tb motion
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becomes too great, the slider passes over the top of the debris and the
same-process is repeated sgain. A photograph of the wear track result-
ing from this phenomenon and a diagrammatic sketch for the combination
of a steel slider and a nickel plate is shown in figure B.

Other Material Combinations

se

~— Nickel in all tests conducted was found to have high friction
coefficients. Except against tungsten carblde, coefflclent of friction
approaches 1 and welding was apparent at all loads (for example, fig. 6).
The friction coefficlents for two nickel alloys (Nichrome and Inconel)
were lower than for nickel with all combinations of slider material.
This decrease in coefficlent of frictlon may be the result of the
increase in the hardness of these alloys.

The coefficlient of friction for all slider materials in cowmbination
with zirconium is relatively low (0.44 to Q.49). This may be the result
off several factors.  Zirconium is not only harder than the other plate
materials (except bonded tungsten carbide) but also mcquires, in alr, a
thick oxide film which reduces the amount of welding. Even though this -
oxlide film is apparently easlly ruptured during sliding, the effect may
be considered beneflicial because the film will not be completely removed
by the passing of the slider and also because this oxlde film immedistely
reforms and protects the gsurface against further wear. . B

Using tungsten-carblde sliders in comblnation with varlous plate
materials also resulted in low friction coefficients. The coefficient
of friction 1ncreased during the runs to much higher velues at the end.
Thls increase in friction with continued sliding of tungsten-carblde
sliders has been explsined by Shooter (reference 8). Initially, the
surface 1ls not damaged and material is not removed from either the slider
or the plate, because no mase surface welding occurs (for example,
fig. 7(a)); therefore the frictional force is principally the force neces-
sary to plow the slider through the material. With prolonged sliding
and higher loads, however, some of the plate material becomes transferred
to the tungsten carbide slider. When this transfer itakes place the
frictional force will increase because the material which has become
attached to the slider will then weld to the plate material. The
frictional force has then increased by an amount necessary to shear
the metal-to-metal welds. In figure 8, photomicrographs of a plate )
specimen (stailnless steel) and a slider (tungsten carbide) after sliding
several hundredths of an Iinch are shown. Considerdgble material has been
removed from the plate and has become welded to the slider.

When tungsten carbide sllders were used in comblnatlon with a
bonded tungsten carbide plate material, friction coefficients of approxi- L.
mately 0.20 were obtained. This is in the range reported by Shooter
(reference 6). No surface damage was observed on either the tungsten
carbide balls or the bonded tungsten carbide plate.
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When stainless steel 1s used as a slider material, higher friction
coefficients than for other slider materials frequently result (tsble II).
Other investigators (reference 4, p. 81) have attributed the poor
frictional behavior of stainless steel to a homogeneous structure which
readily allows welding with other material.

Surface-Damage

Photomicrographs of the various wear tracks are shown in figure 7.
These wear tracks are characteristic of all the various types of sliding
encountered. The type of surface damage for each metal combination 1s
shown in the table II. The types of surface damage sre defined as
follows:

Type a (fig. 7(a)). - Type a surface damage is a combination of a
very hard slider against relatively soft plate; for example, bungsten
carbide slider against steel plate. There is very little welding and
consequently little damage to surfaces initially. The slider is not
demaged.

Type b (fig. 7(b)). - Type b surface damage is a combination of a
hard slider against a softer plate: for exesmple, SAE 1095 steel against
SAE 1020 steel. 1In this example the two masterials sre similar in
composition. The plate specimen is damaged by conslderable welding to
the slider, which greatly increases the amount of surface damsage.

Type ¢ (fig. 7(c)). - Type c surface damage is a conmbination of
materials of similar hardnesses; for example, monel against stainless
steel. Material is removed from the slider and 1ls left welded to the
plate material. With stalnless-steel sliders, material was removed
from the ball but the sppearance of the plaste indicated that mass
welding was taking place. '

Type 4 (fig. 7(4)). - Type 4 surface damage is a combination of
similar materials; for exsmple, stainless steel against stainless steel.
There- is severe damage to both the slider and plate. Large welds occur
and whole areas are torn from both the slider and plate. Dzmage is much
more severe than that of type c.

Type e (fig. 7{e)). - Type e surface damage is a combination of
zirconium with various sliders; for example, zirconium against steel.
Zirconium attains by exposure to air a relatlvely thick oxide f£ilm.
During sliding this oxlde film is easily ruptured; however, enough
oxide remains to partly protect the surface.
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- SUMMARY OF RESULTS

Friction and surface damage of several materials that are resistant
to corrosion by liquld metals was studied in air and the following
esults were obtalned:

l. The friction coefficients of varilous metal combinations were

determined to be: ‘™o
B
n
glider .. . . L . Plate
(ball)
Nickel| SAE 1020 |[Nichrome | AISI 347 |Inconel Zirconium | Bonded
steel stainless tungsten
steel carbide
Friction coefficlent, p
Tungsten
carblde 0.55 [0.36-0.40 ———— 0.35-0.60 ——— 0.49 0.20°
SAE 1085 steel .85 .79 0.85 .67 0.79 44 .34 -
Monel .95 .85 .78 .68 .55 .48 _—
18-8 gtainless -
steel .97 .BO .91 96" .65 ) 47 -

2. Surface fallure occurred with all metal combinations except
with tungsten carbide sliding on bonded tungsten carbide. S T

3. RNickel used in combination with varicus sliders gave high
friction coefficients and severe surface damage.

4. Zirconium, because of its hardness and formation of a relatively
thick oxlide filum, gave low coefficlents of friction. This oxide film was
easlly ruptured during sliding. _ . R

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronsutics,
Cleveland, Ohio, October 19, 1951.
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TABLE T - TYPICAL COMPOSITION AND HARDNESS OF MATERIALS

Rockwell
Materials Composiltion Herdness
Plate Specimen
Nickel Nickel B-62
SAE 1020 steel 0.20 percent (' 0.45 percent Mn; 0.04 percent B-85
max P; 0.05 percent max S '
Nichrome V 80 percent Ni; 20 percent Cr B-72
ATSI 347 stainlees 17-19 percent Cr; 9-13 percent Ni; 2.5 max Mn; B-80
steel ' 1.5 max 81 -
Inconel 75 percent N1; 0.5 percent max Cu; 0.5 percent SI1; B-01
0.15 percent C; 12.15 percent Cr; 0.1 percent Mnj
9.05 percent Fe
Zirconium Zirconium B-83
Bonded tupgsten carbide| Tungeten cerbide plus;2 perceﬁt cobalt -85
Ball Specimen
18-8 stainless steel 18 percent Cr; 8 percent Ni B-70
Mcnel 87 percent Ni; 30 percent Cuj; 1.4 percent Fe; B-85
1.0 percent Mn
SAE 1095 steel 0.95 percent C; 0.40 percent Mn; 0.04 percent max P;| C-60
0.05 percent max B
Tungsten carbide Tungsten carblde c-85
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TABLE II - FRICTION CORFFICTERTS FuR SEVERAL COMBINATIONS OF MATERTALS
Slider . Plate
(ball)
s Nickel SAE 1020 wteel Nichrome AIST 347 Inconel Zirconium Bonded .
stainless steel tungsten carbide
’ Rockwell hardness
B-62 B-65 B-T72 B-80 B-81 B-83 -85
Frietion Type " Friction Type Frietion Type Priction Type Friction Type Friction Type | Friction Type
coefficient| of coefficient | of coefficient| of coafficient | of coefficient| of - |coeffliclent| of |coefficient| of
B " amage N damage " damege © damage u damage 18 damage
Tungsten carbide
(Rockwell C-B85) 0.55 (a) 0.36 - 0,40 | (&) ———— - 0.35 - 0.680( (a) ———— - 0.49 (a) 0.20 -
: i (e)
SAE 1095 ateel
(Rockwell C-60) .85 (b) .19 {b) 0.85 (b) .87 (b) 0.79 (v) A4 {e) .34 we-
Monel i .
(Rockwsll B-83) .95 (e) .85 (e) .78 (e} .68 (e) .55 (c) .48 (e) ——— ——
18-8 atainless . ' 1 (e)
ateel (Rock~ .
well B-70) .97 (e) .80 (e) .81 (e) ,36 (a) .85 (c) 47 (&) ———- -

Type of damage (as illustrated in fig, 7);

BVery hard slider on relatively soft plate,

VEaxd slider on softer plate,

CPlate and slider of similar hardness,

dplate and slider of similar materials.

®Various sliders on zirconium.
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Figure 1., - Ststie-friection apparatusg,
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Figure 2. - Statie-friction plate speeimen and rider gpecimsms in rider holder.
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Figure 3., - Basic statie-friction apparatus.
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Figire 4. - Effect of load on coefficient of friction for hardened mteel balls pliding on steel.
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Plgure 5, - Effect of lomd cn coafficient of friction for hardened steel balls sliﬁingonsm\mdsteelsurfaae.'
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/ deformed material)
Plate specimen B RACA oo e
C- 28946

Figure 6. - Wear track showing accumulation of wear debris in front of slider for steel .
against nickel. Losd {on three balls), 4200 grams; X200. ) _ LT
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() Demage type a, very hard slider (tungsten carbide) (b) Damage type b, herd slider (ha.rd.enéd steel) agalngt
against agfter plate (SAE 1020 gteel); ccefficlent softer plate (SAE 1020 steel);.coefficient of friction
of frieti‘qn 1, 0.36. : ] . p, 0.79,

Flgure 7. - Pﬁotanicfogrép'iﬂs of different'types of wear track on plates, produced by sliding together of various metal
cambingtions. Load, 4200 grams; X200.
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(c) Damage type c, materlals of zimilar hardnesses (4) Damage type 4, similar materials (atalnleas steel
(wonel ageinst stainless steel); coefficienmt against gstainless steel); coefficient of frictiom i,
frietion u, 0.68. 0.96,

Figure 7. - Contloned., Zhotomicrographs of different types of wear track om plates, produeed by slidinzg together of vari-
. ous metal combinations. Load, 4200 grams; X200.
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(e) Demage type e, (steel againet zirconlum); coefflclent of friction u, 0.44,

Load, 4200 grams; X200.

Photomlorographs of different types of wear treck on plates, produced

-~ Concluded.,
by sliding together of various metal combinations.

Flgure 7.
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(a) Wear track on stalnless-steel plate.

(b) Mating surface of tungsten carbide slider after sliding
several hundreths of inch.

Flgure 8, - Photanicrdgrapha of wearing surfaces of tungsten carbide slider and stainless-steel plate.
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